We provide an overview of the method of confocal mirror design and report new advances with respect to pupil imagery. One example illustrates the design of a system confocal of the object and image, and another illustrates the design of a system confocal of the pupils. Stop shifting formulae are provided.
INTRODUCTION
Because of the potential innovation in optical systems, non-axially symmetric systems using freeform surfaces are enjoying attention from the optical design community. An important class of systems are those that are reflective and have a plane of symmetry, as fabrication and alignment are feasible. The question is how to design such reflective plane symmetric systems. Although there are several approaches to design optical systems, we highlight what we call the method of confocal mirror design. [1, 2] In the present context a confocal system is defined as a mirror system that provides point images, surface after surface, along a selected ray called the Optical Axis Ray (OAR). The field center, the center of the stop and the pupils, are centered about the OAR. As shown in Fig. 1 point imaging along the OAR requires the surfaces to be on-axis or off-axis conic sections. Confocal systems have received some attention. [3, 4, 5, 6] as they provide useful starting design points. In this paper we review their theory and report some advances pertaining to pupil imagery. Specifically, we show aberration properties when instead of requiring the confocal property of the image and the object we require the confocal property of the pupils. Two design examples are also presented. 
REVIEW OF ABERRATIONS OF A PLANE SYMMETRIC SYSTEM
The aberration function 
A study of Table 1 provides useful insights. The aberration terms are divided in groups and in turn in subgroups according to symmetry characteristics. Thus the third group contains the primary aberrations of axially symmetric systems as a subgroup, contains the aberrations of double plane symmetric systems as a subgroup, and a subgroup of aberrations for plane symmetric systems that are not axially or double plane symmetric. Thus the aberration properties of a plane symmetric system can be thought of as the superposition of the properties of axial, double plane, and plane symmetric systems. The correction of the aberrations of a given subgroup can be carried out using system properties according to subgroup symmetry. For example, freeform surface asphericity having axial Z  , double plane Z  , or plane symmetry Z  . Mathematically these asphericities are
where  ,  , and  are aspheric coefficients.
The coefficients of the first and second groups in Table 1 are set to zero because piston terms do not degrade the image, and second-order optics predicts the image size and location.
Because Table 1 has as subgroups the aberrations of axially symmetric systems, double plane symmetric systems, and plane symmetric systems, we can treat a plane symmetric system as the superposition of three systems according to symmetry. In particular we can associate an axially symmetric system to a plane symmetric system. Then the second-order properties of the plane symmetric system are given by the secondorder properties of the associated axially symmetric system. By using the oblique power   2cos oblique s I r   for each surface in the system, we then can use any of the standard methods for axially symmetric systems to calculate second-order properties of the plane symmetric system. For example, the focal lengths, and the image position and size. In the oblique power I is the angle of incidence of the OAR in the surface and s r is the sagittal radius of the surface at the OAR intersection. In what follows we will not discuss the subgroup of aberrations that belong to axially symmetric systems as these are well understood. These aberrations only on
For the case of a confocal reflective system that is plane symmetric [1] some of the coefficients in the third group are zero as shown in Table 2 . Field tilt is proportional to linear astigmatism, and provided there is enough surface optical power, one surface tilt can be used to correct for both linear astigmatism and field tilt. Furthermore, the coefficient for quadratic distortion II is zero. Except for quadratic distortion I, if left uncorrected, a confocal system may act as an axially symmetric system to the fourth-order of approximation. Thus a confocal reflective system provides an excellent starting design point. 
RELATIONSHIPS BETWEEN PUPIL AND IMAGE ABERRATION COEFFICIENTS IN CONFOCAL SYSTEMS
It turns out [7, 8] that for a reflective plane symmetric system the image and pupil aberration coefficients of fourth-order on i  ,   , and H  , are connected by the identities in Table 3 . For these identities to hold it is required that no surface with optical power in the system coincides with the stop aperture, or the pupils. In addition, we can rewrite Table 2 for the pupil imagery as shown in Table 4 . Tables 3 and 4 we can write the aberration coefficients of the image when the system is confocal of the pupils as shown in Table 5 . 
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The relationships in Table 5 provide new insights about confocal systems. Specifically, the image aberrations of a plane symmetric system that is confocal of the pupils are as follows. There is no quadratic piston, anamorphic distortion, or uniform astigmatism. These three aberrations depend on the double plane symmetric invariants   Clearly there are two approaches to start the design of a plane symmetric system. The first approach is to lay out a system that is confocal of the image, the second approach is to lay out a system that is confocal of the pupils.
STOP SHIFTING FORMULAE
Since we have the requirement of not having a surface at the stop, or pupils, we present stop shifting formulae to gain insights about how the aberrations change as we shift the stop. Stop shifting may be necessary after a preliminary design. Stop shifting is carried out by substituting the vector
aberrations in the system. 
AD-HOC FREEFORM SURFACE
To ease the design of a confocal reflective system we developed a freeform surface which consists of a decentered and rotated conic and a plane symmetric polynomial surface [4, 9] . To achieve the confocal requirement the system must use conic surfaces. However, the standard conic surface in current optical design OAR Coordinate System 1 Coordinate System 2 programs is defined having the coordinate system coincident with the pole of the conic. This makes it difficult to design a confocal system because in general the OAR may not intersect the conic pole. Fig. 2 An off-axis elliptical surface described about the intersection of the OAR.
As shown in Fig.2 the coordinate system used to describe our freeform surface is tangent with the surface at the intersection of the OAR with the surface. This is quantified by the amount of decenter 0 y from the pole of the surface. Further, we add a plane symmetric polynomial to enable the correction of aberrations. This polynomial is also centered at the intersection of the OAR with the surface and is described by   As shown in Fig. 3 , in actual use the freeform surface is sandwiched between two coordinate systems. The first is tilted by the angle of incidence I of the OAR, and the second is also tilted by the angle I so that the z-axis of the second coordinate system coincides with the OAR after reflection on the surface. This procedure simplifies and makes it clear the defining geometry of a confocal system. To define the geometry of such a system all that is required is to specify the OAR angle of incidence I at each freeform surface, the distance to the next surface t along the OAR, the conic decenter 0 y , the conic constant k , the conic vertex radius r , and the aspheric coefficients 1 A , 2 A , 3 ... A at each surface. Fig. 3 Each surface in the system is sandwiched between two coordinate systems and the OAR after reflection coincides with the z-axis of the second coordinate system.
DESIGN EXAMPLES
In this section designs examples are presented that illustrate how the method is implemented. The freeform surface was programmed as a user defined surface in Zemax, Optics Studio. Other design examples have been previously reported. [3, 4] Two-mirror confocal of the object and image system
The first example is a two-mirror objective with an object at infinity. To achieve confocal imaging along the OAR the first mirror is an off-axis parabola as shown in Fig. 4 and the second mirror is a hyperbola as shown in Fig 5. The angle of incidence of the OAR in each mirror is 22.5 degrees so that the OAR makes a 90 degree turn. The stop aperture is at the primary mirror. 
Two-mirror confocal of the pupils system
The second example is also a two mirror system with the object at infinity. However, the stop aperture is in front of the primary mirror and therefore to achieve the confocal requirement of the pupil the primary mirror is elliptical in shape as shown in Fig. 7 . The secondary mirror is hyperbolic as shown in Fig. 8 . Both, Figs. 7 and 8 show that the stop is imaged stigmatically along the OAR. Fig. 7 Primary mirror is elliptical. Fig. 8 . Secondary mirror is hyperbolic. Figure 9 shows the two mirror system with rays from the object at infinity. To correct for uniform coma
vertex radius of curvature of the secondary mirror was used as an effective degree of freedom. It is worth emphasizing that because the system is confocal of the pupils there is no uniform, linear, or quadratic astigmatism present in the system. Fig. 9 The two-mirror system with the object at infinity. Fig. 10 The two-mirror system with the object at infinity covering a field of view of two degrees. Note that the stop aperture is remote and in front of the primray mirror.
The system as shown in Fig. 10 suffers from about 4.86 degrees of field tilt aberration. Residual high order aberrations were corrected using the polynomial terms in the freeform surface description. The performance is comparable to the first example, except that the stop is remote and the F-number is lower at F/2.7. Stop shifting can be performed to locate the stop at a desired position. The maximum distortion aberration is also 0.27% over the two degree field of view.
CONCLUSION
This paper reviews the aberrations of confocal reflective systems and advances their theory. Such systems may not only be confocal of the object and image but can be confocal of the pupils. We provide the aberrations of a system that is confocal of the pupils and show that they are simplified. In addition, we provide stop shifting formulae for the aberrations of a plane symmetric system. Two design examples are presented that illustrate how the design of confocal systems can be carried. The design mehtod outlined is powerful and simple to implement enabling an optical engineer to design unobscured reflective systems in a systematic maner.
